Abstract-A procedure was developed for the preparation of a stalled elongation complex of Escherichia coli RNA polymerase with the nucleosome for investigation by cryo-electron microscopy. We purified the complex from the excess of free RNA polymerase and unproductive complexes on heparin resin and concentrated it on an affine monolayer formed by lipids bound to Ni ions. The use of affinity grids with an immobilized lipid monolayer helps to prevent aggregation of the particles on the grid surface. This technique can be used in the future to obtain a three-dimensional reconstruction of the EC+39 elongation complex.
In chromatin, nucleic acid is compactly packed with proteins but, at the same time, this structure allows DNA and RNA polymerases to move efficiently along the DNA chain. Maintenance of nucleosome organization during the passage of RNA polymerase is vital for proper gene regulation and cell survival. The recovery of the chromatin structure occurs in two different ways: during intensive transcription, the exchange of all major histones can be observed, whereas, during moderate transcription, only the exchange of H2A-H2B dimers happens, but not H3-H4 tetramers [1, 2] .
A high nucleosomal transcription barrier characterizes the passage of RNA polymerase through chromatin. After the initial uncoiling of the nucleosome DNA from the octamer of histones [3] and the formation of a number of internucleosomal DNA loops [4] during the transcription through the +45 region, the RNA polymerase can induce the formation of a small internucleosomal loop [5] . This complex is called a "zero-loop" (or Ø-loop), because it preserves DNAhistone interactions both in the DNA located in front of the RNA polymerase, as well as in the area that has already been passed by a transcribing enzyme. The formation of a Ø-loop can lead to partial uncoiling of the DNA from the surface of the octamer and the loss of the H2A-H2B dimer [5] . The formation of the Ø-loop is necessary for transcription without the dissociation of the H3-H4 cortical histones from the DNA and may play a role in the preservation of the histone code during the transcription process. In order to assess the possibility of a Ø-loop forming, the complex was modeled using docking. This analysis showed that the Ø-loop can be formed only when RNA polymerase is found in positions +39 or +49 in the nucleosome [5] .
The overall structure of DNA-dependent RNA polymerases is identical in prokaryotes and eukaryotes. The holoenzyme of RNA polymerase Escherichia coli consists of a "core" enzyme and a sigmafactor. The "core" enzyme comprises of 5 subunits (β-, β'-, 2 α-, ω-). It possesses catalytic activity, but is unable to recognize the starting point of the transcription; for this, the sigma-factor is required [6] . The architecture of all DNA-dependent RNA polymerases known to date was found to be conservative: the area of the active center resembles a claw and is characterized by the presence of a magnesium ion, as well as conservative motifs.
The nucleosome resembles an octamer of histones (a central heterotetramer (H3-H4) 2 and two heterodimers H2A-H2B) that bind a double-stranded DNA (147 b.p.). The nucleosome structure was determined by X-ray crystallography [7] .
In this work, we have developed a method for twostage purification and concentration of the elongation complex of E. coli RNA polymerase with mononucleosome, stalled at position +39 from the nucleosome input (EC+39). This purification allowed to obtain a pure prep of the elongation complex suitable for studying both by electron microscopy with negative staining and by cryoelectron microscopy.
MATERIALS AND METHODS DNA matrix assembly. The DNA matrix used in this work consists of a nucleosome-positioning sequence s603 and a prokaryotic promoter T7A1. The sequence of DNA nucleotides was modified to form an area that does not contain A bases from the start of the transcription to position +39. Such a sequence allowed us to obtain an elongated complex with RNA polymerase stalled at position +39 b.p. from entrance of the nucleosomal DNA during transcription, upon presence of a limited set of ribonucleotides.
The DNA fragments used in this study were obtained using the polymerase chain reaction technique (PCR). For fragment T7A1 the following primers were used:
For fragment s603 the following primers were used:
To purify the resulting DNA a QIAquick PCR Purification Kit was used (Qiagen, USA).
During annealing, followed by chain elongation, a full-sized fragment that included a promoter and a nucleosome-positioning sequence was obtained; it was cloned into the pDS1 plasmid in E. coli. The DNA fragments used in this study were obtained by PCR using the described plasmid as a matrix, and oligonucleotides 282Forwhst and 282Revwhst.
Nucleosome assembly. A source of core histones for nucleosome assembly on the DNA matrix was chromatin, lacking histone H1, which was extracted from chicken erythrocytes. Nucleosomes were built on the DNA-matrix in the course of dialysis against NaCl in decreasing concentrations, according to the earlier described protocol [8] .
Assembly of elongation complex ЕС+39. To obtain the elongation complex at position +39 from the entrance to the nucleosome, RNA polymerase E. coli was expressed and purified, as described earlier [9] . The transcription reaction was carried out according to the protocol described in the work of Gaykalova et al. [10] with some changes and an additional purification step. To obtain the open complex, the holoenzyme RNA polymerase E. coli was added to 100 ng of the nucleosome-associated DNA matrix in a five-fold molar excess. The resulting mixture was then incubated at 37°C for 10 min. The reaction was carried out in a 10 ul TB40 buffer (10 mM Tris-HCl pH 7,9, 1 mM β-mercaptoethanol, KCl-40 mM).
The elongation complex EC-39 (the complex stalled at position -39, relative to the nucleosome entrance from the promotor side) was obtained by adding a ApUpC RNA primer (20 um), as well as ATP (20 um) and GTP (20 um), followed by incubation at 37°C for 10 min. Next, to obtain the EC+39 complex, KCl was added to a solution in a concentration of 150 mM, followed by CTP (5 mM). The resulting mixture was incubated at room temperature for 10 min.
Purification of an open complex on the heparin column. For purification, HeparinHyperD resin for affinity chromatography (Pall, USA) was used. 1 ul of resin was added to the open complex, incubated for 15 sec at room temperature and centrifuged for 10 sec at 8000 rpm. 100 ul of resin were pre-incubated with BSA (bovine serum albumin; 10 mg/ml) for 10 min at room temperature. To wash out the remains of the BSA, 100 ml of resin was added to 1 ml of TB 40 buffer, centrifuged, the supernatant was decanted, and the procedure was repeated 5 times.
Preparation of affinity grids. To obtain the affinity grids [11] , 1 ul of a lipid mixture with 80% POPC (1-Palmitoyl-2-oleoyl-phosphatidylcholine; Avanti, USA), 20% DGS-NTA (Ni) (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) iminodiacetic acid) succinyl], Nickel salt; Avanti, USA) was layered on a drop of lipid buffer (20 mM HEPES, 150 mM NaCl, pH 7.9). Drops (25 μl) were incubated in a teflon container for 15 min in a wet chamber at +4°C to form a lipid monolayer. Next, the monolayer was transferred to the surface of the EM cooper grid covered with a layer of amorphous carbon that was reinforced with a layer of formvar (SPI, USA), the excess liquid was removed and grids were dried. The grids were stored in a plastic container at room temperature until use.
Electron microscopy. To prepare the samples, an affinity grid was placed on a drop of solution containing the EC+39 complex, and then incubated for 60 min at +4°C in a wet chamber. Then the grid was carefully removed from the drop with tweezers, the excess solution was blotted from the grid with filter paper. The grid was immediately stained with 1% solution of uranyl acetate twice for 30 sec.
The samples were examined in a transmission electron microscope JEM 2100 (JEOL, Japan). An accelerating voltage of 200 kV at a low dose (<10-20 electrons per Å 2 /sec) was used to reduce the radiation damage to the sample. Images were obtained with x40000 magnification using a 2000 × 2000 pix CCD camera (Gatan, USA). The pixel size of the microphotographs was 3.3 Å.
Cryoelectron microscopy. The grids were prepared as described above, removed from the buffer drop, placed in a Vitrobot MarkIII (FEI, USA), and frozen in liquid ethane under the following parameters: 4 sec blotting time, temperature +12°C, the humidity was kept at 95%. The grids were stored in liquid nitrogen before use. The grids were then transferred under the liquid nitrogen into a transmission cryoelectron microscope Tecnai F20 (FEI, USA), equipped with a field emission gun and operating at an accelerating voltage of 200 kV. Images were obtained at ×50000 magnification using a 4000 × 4000 pix CCD camera (Gatan, USA). The pixel size of the microphotographs was 2.22 Å.
RESULTS AND DISCUSSION
Earlier, we demonstrated that E. coli RNA polymerase reproduces the main features of chromatin transcription by RNA polymerase II [12] . In this study, we obtained a complex of an RNA polymerase E. coli with mononucleosome, bearing a promoter located on a free (not associated with histones) DNA part. As a matrix, we used a nucleosome-positioning s603 sequence (length-147 b.p.) with an attached T7A1 promoter, lacking A bases in the 1-39 region from the promoter (length-135 BP).
After preliminary analysis of the samples, we found that during the process of in vitro transcription, along with the target elongation complexes, unproductive complexes are formed; in addition, we observed a large amount of free RNA polymerase. To obtain a homogeneous sample of stalled EC+39 complexes (see methods) we introduced an additional purification step. For this purpose, the HepаrinHyperD resin was used. Heparin resin binds the free RNA polymerase and any unproductive complexes, while the target complexes remain in solution.
Further, a sample of RNA polymerase complexes was concentrated on an affine lipid monolayer (Fig. 1a) . Such a method has been applied by us earlier for the purification of RNA polymerase from glycerol-con- 
taining solution [9] . This method includes layering a lipid mixture (phosphatidylcholine and DGS-NTA (Ni) in different ratios) onto a solution containing RNA polymerase complexes. The lipids form a monolayer with the Ni ions facing to the surface of the solution containing the RNA polymerase bearing an Nterminal affine tag. Specific binding occurs, due to the presence of a free electron-donor group on the surface of the protein.
We demonstrated that concentration of the heparin-purified EC+39 complex, in conditions equivalent to those described earlier [9] , resulted in aggregation of complexes into long chains (Fig. 1b) . In these aggregates, individual complexes are located so close to each other that it was impossible to select images of individual particles for further analysis. We assumed that such aggregation might transpire, due to a local increase in the concentration of particles fixed on the monolayer, that are able to move, due to the free diffusion of lipids on the water surface.
To test this hypothesis, we prepared affine grids coated with carbon film with an affginity monolayer of lipids containing DGS-NTA (Ni). Lipids fixed on a carbon substrate were significantly less prone to lateral diffusion [11] . Indeed, when using affinity grids for the concentration of the EC+39 complex instead of an affine monolayer, a smaller number of aggregates is observed. Moreover, the concentration of the complexes on the grid increases significantly (Fig. 1b) .
The high concentration of samples allowed us to study the purified complexes in a cryoelectron microscope. For this, we used Quantifoil grids (1.2/1.3) (Quantifoil Micro Tools, Germany) covered with thin carbon and studied them in a cryoelectron microscope Tecnai F20 (FEI, USA) at an accelerating voltage of 200 kV. As a result, images of EC+39 complexes frozen in vitrified ice were obtained (Fig. 1G) .
Thus, we demonstrated that the use of heparin resin HeparinHyperD allows to purify the specimen of elongation complexes of RNA polymerase from the excess of free RNA polymerase and unproductive complexes. The use of lipid-Ni affine monolayers allows to concentrate the complexes, as well as prevent their aggregation. In the future, such affinity grids would provide support to obtain a three-dimensional reconstruction of the EC+39 elongation complex.
The work is done with the financial support of Russian Scientific Foundation (project no. 14-24-00031). Electron microscopy was carried out using an analytical electron microscope JEOL2100 (JEOL, Japan) as part of a Unique Scientific Facility "Three-Dimensional electron microscopy and spectroscopy" of the Biological faculty of Moscow state University and a cryoelectron microscope Tecnai F20 (FEI) located at the User Facility Center of Brandeis University (USA).
